The neural microtubule-associated protein tau binds to and stabilizes microtubules. Because of alternative mRNA splicing, tau is expressed with either 3 or 4 C-terminal repeats. Two observations indicate that differences between these tau isoforms are functionally important. First, the pattern of tau isoform expression is tightly regulated during development. Second, mutation-induced changes in tau RNA splicing cause neuronal cell death and dementia simply by altering the isoform expression ratio. To investigate whether 3-and 4-repeat tau differentially regulate microtubule behavior in cells, we microinjected physiological levels of these two isoforms into EGFP-tubulin-expressing cultured MCF7 cells and measured the effects on the dynamic instability behavior of individual microtubules by time-lapse microscopy. Both isoforms suppressed microtubule dynamics, though to different extents. Specifically, 4-repeat tau reduced the rate and extent of both growing and shortening events. In contrast, 3-repeat tau stabilized most dynamic parameters about threefold less potently than 4-repeat tau and had only a minimal ability to suppress shortening events. These differences provide a mechanistic rationale for the developmental shift in tau isoform expression and are consistent with a loss-of-function model in which abnormal tau isoform expression results in the inability to properly regulate microtubule dynamics, leading to neuronal cell death and dementia.
INTRODUCTION
The microtubule-associated protein tau promotes neuronal cell polarization and axonal outgrowth; it is also necessary for maintaining axonal morphology and axonal transport (Caceres and Kosik, 1990; Esmaeli-Azad et al., 1994; Trinczek et al., 1999; Stamer et al., 2002) . Alternatively, abnormal tau is the major component of neurofibrillary tangles, hallmark pathological features of Alzheimer's disease and related dementias.
Mechanistically, tau acts by binding to microtubules directly and regulating their growing, shortening, and treadmilling dynamics (Drechsel et al., 1992; Panda et al., 1995 Panda et al., , 1999 Trinczek et al., 1995) . Because tight regulation of microtubule dynamics and microtubule behavior can be critical to cell viability (Jordan et al., 1996; Goncalves et al., 2001) , fine regulation of tau activity may be equally critical.
Tau activity is regulated in part by alternative mRNA splicing, which leads to the expression of two families of tau isoforms, those containing four C-terminal repeats and those with three such repeats ( Figure 1A ; Lee et al., 1988; Himmler, 1989) . In vitro studies have shown that 4-repeat tau binds to, assembles, and stabilizes microtubules more effectively than 3-repeat tau (Butner and Kirschner, 1991; Gustke et al., 1994; Trinczek et al., 1995; Goode et al., 2000; Panda et al., 2003) . However, there are limited data assessing the abilities of 3-or 4-repeat tau to modulate dynamics in a complex cellular environment.
The importance of functional differences between 3-and 4-repeat tau is highlighted by two observations. First, although only 3-repeat tau is expressed in fetal brain, both 3-and 4-repeat tau are expressed in adult human brain at approximately equal levels (Goedert et al., 1989a (Goedert et al., , 1989b Himmler, 1989; Himmler et al., 1989; Kosik et al., 1989) . It has been hypothesized that these expression differences generate different microtubule behavior in fetal neurons undergoing axonal outgrowth, pathfinding, and synpatogenesis vs. relatively stable adult neurons. Second, genetic analyses demonstrate unequivocally that dominant mutations in the tau gene cause neuronal cell death and dementia in FTDP-17, a group of neurodegenerative disorders with many similarities to Alzheimer's (Clark et al., 1998; Hong et al., 1998; Hutton et al., 1998; Spillantini et al., 1998; Goedert et al., 1999) . One class of FTDP-17 tau mutations generates amino acid substitutions. The second class of FTDP-17 mutations is regulatory, leading to altered ratios of 3-and 4-repeat tau. Because the majority of the regulatory mutations are intronic or silent, the encoded proteins are wild type in sequence. Thus, simply changing the ratio of otherwise wild-type tau isoforms is sufficient to cause neuronal cell death and dementia.
Whereas these genetic analyses have established a cause-and-effect relationship between tau mutations and disease, the underlying molecular mechanism(s) causing neuronal cell death are not understood. Several investigators have proposed a "gain-of-toxic-function" model in which mutations in tau increase its propensity to form abnormal cytotoxic fibers (Hong et al., 1998; Gamblin et al., 2000 Gamblin et al., , 2003 Barghorn and Mandelkow, 2002) . However, although this model easily accommodates amino acid substitution mutations, it is more difficult to apply to RNA splicing mutations, which produce all wild-type tau. Alternatively, dominant phenotypes could be achieved by a loss-of-function, haplo-insufficiency mechanism in which the mutations leave cells unable to maintain an appropriate level of tau activity necessary for normal microtubule and cellular function. Indeed, previous work has indicated that altered microtubule dynamic behavior may lead to cell death (Jordan et al., 1996; Goncalves et al., 2001) . This mechanism could easily account for both the splicing and amino acid substitution classes of tau FTDP-17 mutations.
To better understand isoform-specific differences in normal and abnormal tau action, we compared the abilities of exogenously introduced 4-and 3-repeat tau to modulate the dynamic behavior of individual microtubules upon microinjection into living MCF7 cells. These analyses provide novel insights into the normal developmental transition in tau isoform expression and test the plausibility of a haploinsufficiency model for tau-mediated neuronal cell death through aberrant regulation of microtubule dynamics.
MATERIALS AND METHODS

Tau Protein Purification
pRK expression vectors containing the human cDNA sequences for the shortest 4-and 3-repeat tau isoforms (encoding 383 and 352 amino acids, respectively) were kind gifts from Dr. Kenneth Kosik (Harvard University). Tau protein was expressed and purified by a modification of the procedures described in Goode et al. (1997) . Briefly, tau expression was induced in Rosetta (DE3) pLacI cells (Novagen, Madison, WI) by adding isopropyl-␤-d-thiogalactoside to a final concentration of 1 mM. Bacterial pellets were resuspended in BRB-80 buffer (80 mM Pipes, pH 6.8, 1 mM EGTA, 1 mM MgSO 4 ) containing 0.1% ␤-mercaptoethanol and 1 mM PMSF. Cells were lysed by sonication and the lysate was clarified by centrifugation (12,000 ϫ g, 15 min). Supernatants were boiled to precipitate heat-labile proteins and recentrifuged. The heat-stable proteins were bound to a phosphocellulose column and eluted with a salt gradient (0.2 to 1.0 M NaCl). Fractions containing tau protein were identified by SDS-PAGE followed by Coomassie blue staining. Tau-containing fractions were pooled and further purified using reverse-phase HPLC (DeltaPak-C 18 ; Millipore, Billerica, MA). Tau elution occurred when the gradient was 74% 0.1% trifluoroacetic acid in water and 26% 0.1% trifluoroacetic acid in isopropanol. HPLC fractions containing tau were pooled, lyophilized, and resuspended in PBS. The concentration of each tau sample was determined by SDS-PAGE comparison with a "tau mass standard," the concentration of which was established by mass spectrometry (Panda et al., 2003) .
Cell Culture
The MCF7 human breast cancer cell line (ATCC, Manassas, VA) was stably transfected with the EGFP-tubulin plasmid pEGFP-Tub (CLONTECH, Palo Alto, CA) following the Superfect (Qiagen, Valencia, CA) protocol. Cells were maintained in DMEM (Life Technologies, Grand Island, NY) supplemented with nonessential amino acids, 10% FBS, antibiotic-antimycotic (Life Technologies), and geneticin (400 g/ml; Life Technologies) at 37°C and 5.5% CO 2 . Cells were seeded 36 -48 h before injection on 12 mm CelLocate coverslips (Eppendorf, Hamburg, Germany) coated with poly-d-lysine (100 g/ml; Sigma, St. Louis, MO) followed by human fibronectin (20 g/ml; Life Technologies) and laminin (10 g/ml; Sigma). To induce a more flattened morphology, cells were serum-starved in media containing 2% FBS for 12 h before injection.
Microinjection
Seeded cells were transferred to DMEM lacking bicarbonate and containing 25 mM HEPES and 4.5 g/l glucose (recording media; Life Technologies). Tau was diluted to concentrations of 13.3 or 43.2 M in PBS plus 1.4 mM ␤-mercaptoethanol and 0.45 mg/ml RITC-dextran as a marker for injected cells. Immediately before microinjection, the solution was centrifuged at 35,000 rpm in a Beckman TLA 100.3 ultracentrifuge rotor (15 min, 4°C) to remove any aggregates or debris. Pressure microinjection was performed using an Eppendorf Transjector 5246 and Injectman. The injection volume was ϳ10% of the cell volume (Lamb and Fernandez, 1997) , resulting in a ϳ1.3 or 4.3 M final tau concentration in the cell. Injected cells were returned to normal media and incubated 2-3 h at 37°C to allow equilibration of tau within the cells. In the same manner as Dhamodharan and Wadsworth (1995) , we estimated the total tubulin in the cell to be 20 M (Hiller and Weber, 1978) with 65% in polymer during interphase (Zhai and Borisy, 1994) , resulting in 13 M polymerized tubulin. Based on these estimates, the molar ratio of tau to polymerized tubulin in the cell was either 1:9.8 or 1:3.3.
Immunocytochemistry
Cells were rinsed once with PBS and fixed by the rapid addition of 100% methanol (4°C). Fixed cells were incubated overnight in blocking buffer (PBS containing 3% BSA, 0.1% Triton X-100, and 1% horse serum). Cells were incubated first with mouse monoclonal Tau 5 antibody (1:100; BioSource International, Camarillo, CA), then Cy3-conjugated donkey anti-mouse secondary antibody (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA), followed by FITC-conjugated mouse monoclonal tubulin antibody DM1␣ (1:50; Sigma). All incubations were for 1 h at room temperature, followed by four 15-min washes in blocking buffer. Coverslips were mounted on glass slides using Prolong (Molecular Probes, Eugene, OR). Images were et al., 1995) . (B) MCF7 cells injected with either 4-repeat tau (at a 1:10 tau:tubulin ratio) or 3-repeat tau (at a 1:3 tau:tubulin ratio). Cells were fixed and stained for tau (left column) and tubulin (center column) as described in MATERIALS AND METHODS. In the merged column, the tau staining is shown in red and the tubulin staining is shown in green; yellow indicates colocalization. The boxed areas in the first and third rows are enlarged in the second and fourth rows in order to visualize colocalization on individual microtubules. For both 4-and 3-repeat tau, tau colocalized with microtubules in injected cells, whereas uninjected cells (seen surrounding the injected cell at low magnification) did not stain positively for tau. Scale bars, 20 m. 
Time-Lapse Microscopy and Image Acquisition
Microinjected cells were mounted in a Rose chamber (Rose et al., 1958) in recording media supplemented with 40 l Oxyrase (Oxyrase, Mansfield, OH) per ml of medium to reduce photobleaching. Injected cells were identified by the presence of RITC fluorescence. Images were captured with an inverted fluorescence microscope (Nikon Eclipse E800, Garden City, NY) with a Nikon plan apochromat 1.4 NA, 100ϫ objective lens, maintained at 36.5 Ϯ 1°C. Thirty-one images per cell were taken at 4-s intervals using a Hamamatsu Orca II (Middlesex, NJ) digital camera driven by MetaMorph software (Universal Imaging, Media, PA).
Analysis of Microtubule Dynamic Instability
Analysis of the growth and shortening dynamics of individual microtubules in the thin peripheral region of cells was performed as described by Goncalves et al. (2001) . The positions of the plus-ends of microtubules were recorded over time using MetaMorph software, exported to Microsoft Excel, and analyzed using RTM software (Walker et al., 1988) . The changes in length of individual microtubules were plotted as a function of time. Changes in length Ͼ 0.5 m were designated as growth or shortening events. Periods in which changes in length were Ͻ0.5 m were designated as phases of attenuated microtubule dynamics (or pause). A catastrophe was defined as a transition from either growth or attenuation to shortening. Frequencies of catastrophe were calculated either as the total number of catastrophes divided by the total time spent growing and attenuated or as the total number of catastrophes divided by the total length grown. A rescue was defined as a transition from shortening to either growth or attenuation. Frequencies of rescue were calculated either as the total number of rescues divided by the total amount of time spent shortening or as the total number of rescues divided by the total length shortened. The number of growth, shortening, and attenuation events was calculated by determining the probability of transitioning into a particular phase. Probabilities of each possible transition were calculated as the total number of a particular transition divided by the total number of transitions from that particular phase. Dynamicity was calculated as the total length grown and shortened divided by the total time measured.
It should be noted that a comparison of microtubule dynamics in control cells vs. tau-injected cells inherently underestimates the effects of tau on overall microtubule stabilization in the cells. This occurs because, as is standard for this procedure, we measure the dynamics of only those microtubules displaying dynamic instability behavior. However, in all cells there is a subpopulation of microtubules that is not undergoing detectable dynamic instability behavior. Because of tau's stabilization effects, the fraction of microtubules that are not displaying dynamic instability is increased in tauinjected cells. Although this is a difficult parameter to quantify, a rough observational estimation is that more than 50% of microtubules displayed dynamic instability behavior during a 2-min period in control cells, whereas as few as ϳ10% of microtubules were dynamic upon stabilization with tau. Because we can only measure dynamic microtubules, this additional stabilizing effect of tau is not reflected in the measurements presented in this study. This does not affect measurements of growth and shortening, but it most likely results in an underestimation of the effect of tau on the amount of time that microtubules spent in an attenuated state.
Online Supplemental Material
Time-lapse movies of EGFP-microtubules undergoing microtubule dynamics in cells are available as supplemental material. Movie 1 shows microtubule dynamics in a control cell injected with buffer. Movie 2 shows microtubule dynamics in a cell injected with 4-repeat tau at a tau to tubulin ratio of 1:10. Movie 3 shows a cell similarly injected with 3-repeat tau. Each movie consists of 30 frames taken at 4-s intervals and is played 30 times faster than real time.
RESULTS
Before determining the effects of microinjected tau on microtubule dynamics in injected cells, we first sought to confirm that microinjected tau protein was not rapidly degraded and that it was associated with microtubules. Cells were injected with either 4-or 3-repeat tau and then incubated at 37°C for 2 h to allow sufficient time for the tau to equilibrate throughout the cells. Cells were fixed and double-stained for tau and tubulin. We found that tau was indeed present in injected cells and was bound to microtubules, whereas no tau staining could be detected in uninjected cells ( Figure 1B ). Tau staining was evenly distributed along the microtubules with little or no tau staining elsewhere in the cytoplasm. There was no visible difference in the intensity of 3-and 4-repeat tau staining on microtubules. Thus, any tau-dependent changes in the dynamic instability behavior of the microtubules most likely result from direct interactions between tau and microtubules.
To visualize microtubule dynamic instability in cells, we tracked changes in the length of individual microtubules in the flat peripheral region of living MCF7 cells stably transfected with EGFP-tubulin. As shown in Figure 2 and the online supplemental movies, the microtubules were well resolved and their ends were clearly visible. Cells were injected with buffer alone, 4-or 3-repeat tau, or a nonmicrotubule-associated protein (glutathione S-transferase [GST]) as a negative control. Although microtubules were visibly less dynamic in cells injected with tau, only a very small number of tau-injected cells (Ͻ1%) exhibited microtubule bundling, allowing for clear visualization of individual microtubules (see online movies). Next, we generated life history plots of the changes in length over time of individual microtubules. Representative examples are shown in Figure  3 . From these plots, we identified each growth, shortening and attenuation event and measured its duration and rate (slope). Importantly, microtubules in the buffer-injected and GST-injected control cells behaved similarly to those in uninjected cells (Tables 1 and 2 ). For simplicity, therefore, our presentation of the data will focus on comparing tau-injected cells with buffer-injected cells.
4-Repeat Tau Decreased the Microtubule Shortening Rate and the Average Length Shortened, Whereas 3-Repeat Tau Had Little Effect on These Parameters
To determine whether tau affects shortening parameters in cells, we compared the average rate of microtubule shortening in tau-injected vs. buffer-injected cells. Although 4-repeat tau had a strong suppressing effect on the shortening rate, 3-repeat tau exhibited much less of an effect on this parameter ( Figure 4A , Table 1 ). A 1:10 molar ratio of 4-repeat tau to polymeric tubulin decreased the shortening rate by 39% from 27.1 to 16.5 m/min. Injection of the same amount of 3-repeat tau decreased the shortening rate by only 18%, to 22.3 m/min. To further assess this relatively minimal 3-repeat effect, we increased the molar ratio of 3-repeat tau to tubulin to 1:3. Interestingly, this increased level of 3-repeat tau did not further suppress the shortening rate. These data clearly indicate that there is a marked difference between the abilities of 4-and 3-repeat tau to affect microtubule shortening in cells, similar to what has been observed in vitro (Trinczek et al., 1995; Panda et al., 2003) .
Another measure of shortening is the average length shortened per shortening event. This parameter incorporates both the rate and the duration of a shortening event. When we compared the average length of a shortening event in tau-injected vs. buffer-injected cells, we again found a large difference between 4-and 3-repeat tau ( Figure 4B , Table 1 ). A 1:10 molar ratio of 4-repeat tau had a strong stabilizing effect on the shortening length, reducing it by 44% from 5.2 to 2.9 m. Injecting the same amount of 3-repeat tau reduced the average length shortened by 29% to 3.6 m. Increasing the concentration of 3-repeat tau did not produce a greater decrease in the average length shortened, indicating again an important mechanistic difference between the effects on shortening of 4-and 3-repeat tau.
4-and 3-Repeat Tau Decreased the Microtubule Growth Rate and Average Length Grown
On comparing the average rate of growth in tau-injected cells vs. buffer-injected cells, we found that both 4-and 3-repeat wild-type tau suppressed the microtubule growth rate ( Figure 4C , Table 1 ). Injection of 4-repeat tau at a 1:10 tau-to-tubulin ratio caused a 29% decrease in the average growth rate, from 13.3 to 9. 4 m/min. Injection of 3-repeat tau at the same molar ratio caused a 13% decrease in the growth rate to 11.6 m/min. As before, we assessed whether an increased amount of 3-repeat tau in the cell would produce effects similar to those seen with 4-repeat tau. In contrast to our observations related to shortening events, the increase compensated for the reduced activity of 3-repeat tau, causing a 30% decrease in the growth rate. These data indicate that there is an approximately threefold quantitative difference between the effects of 4-and 3-repeat tau on the growth rate.
When we compared the average length grown per growth event in tau-injected cells vs. buffer-injected cells, we found that tau strongly suppressed the average length that microtubules grew per growth event ( Figure 4D , Table 1 ). 4-repeat tau caused a 57% decrease in the length grown at a 1:10 tau-to-tubulin molar ratio, reducing it from 2.8 m per event to 1.2 m. Injection of 3-repeat tau at the same molar ratio had a lesser but still significant effect, decreasing the average length grown by 34% to 1.8 m per event. Increasing the level of 3-repeat tau to a tau-to-tubulin molar ratio of 1:3 resulted in a 45% decrease in average length grown. This increased effect with the injection of greater amounts of 3-repeat tau again indicates that the difference in effects on growth parameters between 3-and 4-repeat tau is quantitative. However, even at a 1:3 ratio of 3-repeat tau, we observed a smaller effect than was seen with 1:10 4-repeat tau, indicating that there is a greater than threefold difference in the effects of the two isoforms on the average length grown.
4-and 3-Repeat Tau Increased the Time Spent in an Attenuated State, Whereas Both Reduced the Time Spent Growing and Shortening
Microtubules divide their time among three phases: growth, shortening and attenuation (or pause). MAPs are thought to regulate microtubule stability in part by regulating how much time microtubules spend in each phase. To assess the effect of tau on the phase distribution, we calculated the percent time microtubules spent in each phase relative to the total time tracked. It is important to emphasize that these measurements are made only on the subset of microtubules that display growth and shortening dynamics. Since tau reduces the size of this subset, our assessment of the percentage of time spent in each phase under-estimates the stabilizing activity of tau. Not surprisingly, even among the subset of microtubules that were still dynamic, we found that tau had a dramatic stabilizing effect on the phase distribution ( Figure 5 and Table 2 ). When we compared microtubules in cells injected with a 1:10 molar ratio of 4-repeat tau to buffer-injected control cells, we found that tau decreased the time spent growing by 37%, it decreased the time spent shortening by 26%, and it increased the time spent attenuated by 56%. The same ratio of 3-repeat tau had a lesser, but still impressive effect, decreasing the time spent growing and shortening by 19 and 32%, respectively, and increasing the time spent attenuated by 42%. Increasing the level of 3-repeat tau to a 1:3 molar ratio increased its effect on phase distribution beyond that of a 1:10 molar ratio of 4-repeat tau, indicating that there may be less than a threefold difference between 4-and 3-repeat tau for this parameter.
4-and 3-Repeat Tau Increased the Time Microtubules Spent Attenuated by Decreasing Growth and Shortening Rates, not by Changing Transition Frequencies
One mechanism by which the time spent attenuated could be increased is through reducing the catastrophe frequency or increasing the rescue frequency. In other words, tau might affect how long a microtubule grows or remains attenuated before it begins to shorten (defined as the catastrophe frequency) or conversely, tau might affect how long a microtubule shortens before it becomes attenuated or begins to grow (defined as the rescue frequency). We calculated the number of catastrophes and rescues over time and found that neither 4-nor 3-repeat tau had a significant effect on the frequency of catastrophe or rescue. We also calculated the number of catastrophes and rescues per length grown or shortened and found that the presence of tau induced small increases in the length-based frequencies of catastrophe and rescue (unpublished data). These increases are most likely a result of tau's effect on the growth and shortening rates; i.e., if rescues and catastrophes continue to occur at the same frequency over time in the presence of tau but microtubules grow and shorten more slowly, then it follows that a microtubule will grow or shorten less before the next event. 
Molecular Biology of the Cell
In addition, we found that the presence of tau induced only a small increase in the average attenuation duration, from 0.18 min in buffer control cells, to 0.22 and 0.21 min in cells injected with a 1:10 molar ratio of 4-or 3-repeat tau, respectively. However, these small effects on the attenuation duration are unlikely to explain the large effect tau has on the total time spent attenuated.
Another mechanism by which tau might increase the time microtubules spend attenuated is by decreasing growth and shortening rates to the extent that the microtubules appear attenuated, resulting in a shift from growth or shortening events to attenuation events. To examine this possibility, we calculated the number of growth, attenuation, and shortening events. We found that the number of attenuation events was increased by tau, whereas the number of growth events was greatly decreased. For example, in buffer-injected cells, a shortening microtubule transitioned to growth 59% of the time and became attenuated 41% of the time (Figure 6 ). Tau shifted this probability toward attenuation. In cells injected with a 1:10 molar ratio of 4-repeat tau, a shortening microtubule transitioned to a growth event only 28% of the time and became attenuated 72% of the time. Injection of 3-repeat tau at the same molar ratio had a similar but less marked effect, causing shortening microtubules to begin growing 38% of the time and to become attenuated 62% of the time. Increasing the amount of 3-repeat tau injected into the cells to a 1:3 molar ratio compensated for the difference between 4-and 3-repeat tau, indicating a threefold quantitative difference between the isoforms. These results agree well with our observations assessing the total time spent attenuated, indicating that the decrease in growth rate to the point where microtubules appear attenuated is likely to account for the majority of the increase in time spent attenuated observed in the presence of tau. Taken together, the data indicate that the primary effect of tau on dynamic instability is on the rate and extent of shortening and growth events. These, in turn, lead to increased attenuation, with little effect on the transition frequencies.
4-and 3-Repeat Tau Decrease the Overall Dynamicity of Microtubules
Dynamicity is a general measure of the amount of dynamic instability occurring in a microtubule population. It is calculated from the total length grown and shortened over the time period observed and is an indicator of the amount of tubulin exchange taking place. We compared the dynamicity of dynamic microtubules in buffer-injected cells vs. tauinjected cells and found that tau greatly reduced the overall microtubule dynamicity (Table 1) . A 1:10 molar ratio of 4-repeat tau reduced the dynamicity by 55%, from 11.7 to 5.2 m/min. Injection of the same molar amount of 3-repeat tau decreased microtubule dynamicity by 38% to 7.3 m/min. Injecting a 1:3 molar ratio of 3-repeat tau into cells compensated for the reduced effect of 3-repeat tau, decreasing dynamicity to a similar extent (57%) as seen with 4-repeat tau. These results indicate that there is an approximately threefold quantitative difference between the effects of 4-and 3-repeat tau on dynamicity.
DISCUSSION
Using purified brain microtubules in vitro, we previously found that 4-and 3-repeat tau differentially regulate the dynamic instability behavior of microtubules (Panda et al., 2003) . Although both isoforms suppressed microtubule growth to similar extents, 4-repeat but not 3-repeat tau strongly suppressed the rate and extent of microtubule shortening. Our goal here was to analyze the effects of these two tau isoforms on microtubule dynamic instability in living cells. The quantities of tau microinjected into cells in this study were designed to be physiologically relevant, based on previous quantification of tau levels in neuronal cells (Drubin et al., 1985) . However, because it is technically extremely difficult at present to quantitatively assess the dynamic instability behavior of individual microtubules in neuronal cells, we turned to MCF7 breast tumor cells, an excellent living cell model in which robust dynamic instability behavior can be readily analyzed in the thin lamellar regions of the cells. An advantage of these cells is that they lack endogenous tau; thus, the effects of tau on dynamic instability can be determined in the absence of complications inherent to injecting exogenous tau upon a background of endogenous tau. Additionally, because phosphorylation of tau is believed to be an important regulatory mechanism, another advantage of this system is that we found that the injected, recombinant unphosphorylated tau has sufficient time to undergo phosphorylation by endogenous kinases (unpublished data). Regardless of cell type, our data demonstrate unequivocally that the two tau isoforms differentially affect microtubule stability within the complexity of a . Effects of 4-and 3-repeat tau on transitions from shortening to growth or attenuation. The probability that a shortening event would be followed by a growth event vs. an attenuation event was calculated from cells injected with buffer, GST, 4-repeat tau or 3-repeat tau. Probabilities of shortening to attenuation transitions (s to a; solid bars) and shortening to growth transitions (s to g; hatched bars) are presented Ϯ SE. Tau to tubulin molar ratios are presented in parentheses.
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Tau Suppresses Microtubule Dynamics in Cells
We found that both 4-and 3-repeat tau produced strong stabilizing effects on microtubule dynamics, reducing the overall dynamicity by 55 and 38%, respectively (Table 1) . Based on pharmacological investigations, changes of these magnitudes are very likely to significantly affect normal microtubule and cellular function. For frame-of-reference, a taxol-mediated reduction in microtubule dynamicity of only 30% severely inhibits normal microtubule function during mitosis (Yvon et al., 1999) .
With respect to the effects of tau on individual parameters of microtubule dynamic instability, we found that 4-repeat but not 3-repeat tau strongly reduced the rate and extent of microtubule shortening. This difference is seen clearly at concentrations of 3-and 4-repeat tau that inhibit growth to the same extent; at these concentrations 3-repeat tau suppressed shortening much less strongly than 4-repeat tau. These results were similar to the in vitro results of Panda et al. (2003) and Trinczek et al. (1995) . We also found that tau decreases the rate and extent of microtubule growth in cells. These data are in contrast to the widely recognized ability of tau to promote microtubule growth and assembly under non-steady state conditions, both in vitro (Cleveland et al., 1977; Fellous et al., 1977) and in cells (Caceres and Kosik, 1990; Knops et al., 1991; Esmaeli-Azad et al., 1994; reviewed in Buee et al., 2000) . They are also in contrast to the taumediated enhancement of the rate and extent of microtubule growth observed in dynamics studies in vitro, also under non-steady state conditions of net microtubule assembly (Drechsel et al., 1992; Trinczek et al., 1995) . However, consistent with our work, Panda et al. (1995 Panda et al. ( , 2003 demonstrated that tau actually suppresses growth events in vitro under steady state conditions in which there is no net gain in microtubule mass. Arguably, it is these steady state conditions that are likely to most accurately reflect the conditions within cells that are not projecting processes or otherwise increasing their microtubule mass, including both our MCF-7 cells and mature neurons.
At steady state, the total number of tubulin subunits gained must equal the number of subunits lost. Therefore one possible mechanism underlying these changes in growth and shortening rates may be that a tau-mediated decrease in the microtubule-shortening rate indirectly leads to a decrease in microtubule growth. Another possibility is that the rates of microtubule shortening and growth are influenced by retrograde movement of microtubules resulting from association with actin filaments (Wittmann et al., 2003) . However, because we are comparing the behavior of microtubules in buffer-injected control cells vs. tau-injected cells, we are only assaying tau-specific effects. If there were a tau-mediated increase in retrograde flow, it could explain our observed decrease in the microtubule growth rate, but it would also lead to an apparent increase in the microtubule shortening rate, which does not occur.
Our results and in vitro results differ in that tau had a much smaller effect on catastrophe and rescue frequencies in cells vs. in vitro. These differences are perhaps due to additional cellular regulatory factors that dampen the effect of tau on these parameters in cells but are absent from in vitro systems. Results similar to ours were also observed by Dhamodharan and Wadsworth (1995) using unpurified heat-stable MAPs.
In earlier work in transiently transfected cells, tau-mediated changes in microtubule growth and shortening rates were not observed (Kaech et al., 1996) . However, dramatically different methodology (e.g., high levels of expression, the use of GFP-tau fusion protein constructs, days of exposure vs. 2 h of exposure to tau) makes comparison with our work difficult. In contrast, the cellular experiments of Dhamodharan and Wadsworth (1995) , using unpurified heat-stable MAPs and similar methodology to our work, produced results similar to ours, including suppression of both growth and shortening rates and limited effects on transition frequencies.
4-and 3-Repeat Tau Differ in Their Abilities to Affect Dynamics
When comparing the effects of 4-and 3-repeat tau on microtubule dynamic instability, we found that 3-repeat tau had an approximately threefold weaker effect than 4-repeat tau on most parameters. At first glance, this quantitative difference seems to parallel the approximately threefold difference in their respective apparent binding affinities for microtubules (Gustke et al., 1994; Goode et al., 2000) . However, using the estimated cellular concentrations of tau and tubulin (1.3 and 13 M, respectively; see MATERIALS AND METHODS) and the binding constants of 4-and 3-repeat tau (0.15 and 0.46 M, respectively; Goode et al., 2000) , we calculate that Ͼ95% of both injected tau isoforms should be bound to microtubules. The data in Figure 1B are consistent with this prediction. Thus, approximately the same number of tau molecules are associated with microtubules in cells injected with either tau isoform. Therefore, the simplest interpretation of the data is that there are intrinsic difference(s) between the abilities of 3-and 4-repeat tau to modulate dynamics once bound to microtubules.
We also observed that injecting more 3-repeat tau compensated for its reduced effect on most parameters. This indicates that the microtubules are not saturated at a 1:10 tau-to-tubulin ratio and that higher levels of 3-repeat tau can suppress most parameters similarly to 4-repeat tau (a quantitative difference). The exception was the lack of effect of increased 3-repeat tau on shortening events. Although an unequivocal interpretation of this observation is not possible, it could be that 3-repeat tau actually has a negligible effect on the rate and length of shortening events. The observed effects, which are not significant at the 99% confidence level, may simply represent experimental scatter for this particular parameter. Indeed, Panda et al. (2003) , found that 3-repeat tau had no effect on microtubule shortening at steady state in vitro. In any event, our data as well as complementary in vitro data (Trinczek et al., 1995; Panda et al., 2003) demonstrate that 3-repeat tau has a dramatically reduced ability to suppress microtubule shortening relative to 4-repeat tau.
Based on the foregoing observations, it follows that 3-and 4-repeat tau likely interact with microtubules in distinct manners, either at different sites or with different conformations. In light of this possibility, it is notable that the sequences encoded by exon 10, by which 3-and 4-repeat tau differ, contain the most potent microtubule binding and assembly sequences in the entire protein (Goode et al., 2000) . Furthermore, it has been demonstrated that the carboxylterminus of tau plays a greater role in the binding of 3-repeat than 4-repeat tau to microtubules (Goode et al., 2000) and that a 4-repeat specific peptide competes with 4-repeat but not 3-repeat tau in microtubule binding (Goode and Fein-stein, 1994) . In addition, the fact that microtubules behave differently in the presence of the two isoforms indicates that tubulin may adopt different conformations upon binding different tau isoforms.
These structure-function differences have important implications for both normal development and the FTDP-17 RNA-splicing mutations. In fetal brain, only 3-repeat tau is expressed, suggesting that microtubules in fetal neurons may be less stable and more prone to shortening compared with microtubules in adult neurons. Increased shortening could be important during axonal outgrowth, pathfinding, and synaptogenesis. With respect to the FTDP-17 tau RNAsplicing mutations, which can either increase or decrease the ratio of 4-to 3-repeat tau (Clark et al., 1998; Hutton et al., 1998; Spillantini et al., 1998; D'Souza et al., 1999) , our data indicate that these mutations should either overstabilize or understabilize microtubules, both of which can impede microtubule function (see below for more details, also Yvon et al., 1999; Goncalves et al., 2001; Jordan, 2002) . Lu and Kosik (2001) demonstrated that 4-repeat tau may displace 3-repeat tau on microtubules when coexpressed at high levels in cells. If this displacement occurs in vivo, then the ratio of tau isoforms bound to microtubules could be further skewed, leading to even greater alterations in microtubule dynamics. This loss of normal microtubule regulation and function may be a mechanism through which the FTDP-17 tau RNAsplicing mutations result in neurodegeneration.
How Might Tau Dysfunction Cause Neurodegeneration?
On the basis of these data, we propose that tau-mediated cell death in the FTDP-17 tau splicing mutations correlates with altered microtubule dynamics. Consistent with this model, we have recently examined the effects of several FTDP-17 tau amino-acid substitution mutations on microtubule dynamics in cells and found that most of the tau mutants exhibit altered abilities to regulate microtubule dynamics, i.e., the microtubules are understabilized (Bunker, Wilson, Jordan, and Feinstein, unpublished data) . Taken together with recent in vitro data (Panda et al., 2003) , these data lead us to propose that there is a window of acceptable microtubule dynamic behavior in neurons, outside of which microtubules cannot function normally and cells cannot survive. In this loss-of-function, haplo-insufficiency model, the normal ability of tau to properly regulate microtubule dynamics is lost, leading to disrupted microtubule function and subsequent cell death.
Several pharmacological studies support our model. Treatment of cells with taxol at levels causing a modest overstabilization of microtubule dynamics leads to mitotic block and apoptosis (Jordan et al., 1996; Yvon et al., 1999) . At the other extreme, taxol-resistant/dependent cell lines undergo mitotic block in the absence of taxol (Goncalves et al., 2001) . Analysis of the dynamic behavior of the microtubules in these cells revealed overly dynamic behavior, correlating overactive microtubules with mitotic block, which in turn can result in cell death (Jordan et al., 1996; Goncalves et al., 2001) . Taken together, these studies indicate that both overstabilization and understabilization of microtubules can lead to cell death.
What microtubule-dependent function, when disrupted, might lead to cell death in postmitotic neurons? One strong possibility is axonal transport. Disruption of axonal transport can lead to neuronal cell death in mice (LaMonte et al., 2002) and Drosophila (Gunawardena and Goldstein, 2001; Gunawardena et al., 2003) . Although the underlying mechanism connecting microtubule dynamics to axonal transport is unclear, low concentrations of taxol have been shown to compromise axonal transport (Nakata and Hirokawa, 2003) . At the same time, other work suggests that increased levels of tau may interfere with axonal transport via a competition between tau and motor proteins (Trinczek et al., 1999; Stamer et al., 2002; Mandelkow et al., 2003) . Another mutually nonexclusive possibility is that tau dysfunction/deregulation causes altered microtubule dynamics in glial cells, leading to glial activation, which can be cytotoxic to neurons (Bamberger and Landreth, 2002) . In fact, recent work has shown that overexpression of tau in astrocytes leads to disruption of the cytoskeleton, abnormal trafficking, and eventually cell death (Yoshiyama et al., 2003) . From a more general perspective, several studies have linked changes in microtubule behavior to apoptotic signaling pathways (Srivastava et al., 1998; Giannakakou et al., 2001; Michaelis et al., 2002) , suggesting that microtubules may serve as "biosensors" for cellular well being. Thus, loss of normal regulation of microtubule dynamics could have deleterious effects on cell viability via multiple possible mechanisms.
